Full spectrum enhancement of the light harvesting efficiency of dye sensitized solar cells by including colloidal photonic crystal multilayers
The influence of polydispersity, or variations in the size of particles, on the transmittance of slabs of colloidal photonic crystals is analyzed. A model based on simulated annealing simulates the assembly of particles with a given size distribution into a dense array. The model reveals the existence of a transition between ordered and random packing at a polydispersity between 3% and 4%; this transition is associated with large changes in optical properties, in the form of greatly increased scattering and reduced contrast associated with the transmittance in and out of the stop band Colloidal crystals offer a simple route to the fabrication of photonic crystals.
1-3 The submicron-scale periodicity is ensured by self-assembly, without a need for external intervention or lithographic techniques. [4] [5] [6] Many applications have been proposed for colloidal photonic crystals, such as optical filtering and switching. 7, 8 A certain amount of lattice disorder-defined as deviations from perfect periodicity-is, however, always present in self-assembled crystals. Disorder originates in the colloid polydispersity, that is, the size distribution among the particles, and also in stacking defects (dislocations, stacking faults, grain boundaries) in the crystal. By breaking the lattice periodicity, disorder prevents the free propagation of Bloch waves and causes incoherent scattering of light, 9 which can lead to localization of light; 2 this competes with coherent Bragg scattering, on which many photonic applications of colloidal crystals rely. Before these applications can become a reality, the structural disorder in colloidal crystals and its impact on optical properties must be understood and quantified.
The incoherent scattering caused by lattice disorder has been characterized in light transmission experiments [9] [10] [11] and also in coherent backscattering experiments, 12, 13 with which a photon mean free path can be measured. These studies have not, however, established a relation between the strength of the incoherent scattering and the underlying magnitude of the lattice disorder (expressed as the density of crystal defects or the colloid polydispersity). The impact of stacking faults on the transmission of light in otherwise perfectly ordered colloidal crystals has been assessed by numerical studies. 14 Li and Zhang modeled the effect of polydispersity in colloidal crystals by introducing random size variations and displacements of the particles from their site in a face centered cubic lattice; they found that a polydispersity of 2% is sufficient to close the band gap in silicon-infiltrated crystals. 15 In this model, particles were nonphysically allowed to overlap; additionally, the long-range perturbations to the lattice due to polydispersity were neglected. A superior approach to modeling the impact of polydispersity would be to simulate the actual formation of a densely packed array from a collection of spheres with a given size distribution. Algorithms such as molecular dynamics 16 or Monte Carlo simulations 17 can be used to simulate the motion of collections of hard spheres. Though applicable to colloidal dispersions, these methods are better suited to study the thermodynamical properties of fluids of hard spheres than to generate fully settled arrays of particles.
In this letter, we introduce an algorithm that employs simulated annealing 18 to produce physically realistic arrays of spheres with randomly distributed diameters. The algorithm works as follows. Initially, all particles are placed randomly in space above a single "seed" layer made of hexagonally packed particles. The energy of the system, E, is defined as the sum of three contributions: (i) a onedimensional downward potential, (ii) a short-range interparticle attractive potential, and (iii) a hard-sphere repulsion potential, which prevents particles from overlapping. This energy function mimics the physical energy of a colloidal dispersion during the formation of colloidal crystals, 6 where strong attractive capillary forces exist between neighboring particles and between particles and substrate. The algorithm searches for the lowest-energy arrangement by attempting to move each particle in turn by a small random displacement. In simulated annealing, while every move that decreases the energy is always accepted, one that increases it is accepted with probability exp͑−⌬E / T͒, where T is the "temperature" of the system. The initial temperature is set high enough that, at first, most moves are accepted; as time advances, the temperature is decreased exponentially. The nonzero but decreasing temperature in simulated annealing provides extra freedom to the system, and ensures that the final arrangement corresponds to the one with the lowest possible energy, or equivalently, the highest density. More details on the algorithm will be provided in a subsequent publication.
This algorithm was applied to collections of particles whose diameters followed a log-normal distribution with standard deviation D . Several arrays were generated, with D ranging from 0% to 20%; three of these are shown in Fig.  1 . The array generated from identical spheres ͑ D =0͒ has a random hexagonal close-packed lattice (a mixture of face centered cubic and hexagonal close-packed lattices), which possesses the highest density possible for a lattice of hard spheres; other than unavoidable stacking faults, it contains no defects. The array generated with D = 3% shows few a)
Author to whom coresspondence should be addressed; electronic mail: mathieu.allard@utoronto.ca defects and the horizontal hexagonally packed layers are clearly visible. When D = 5%, however, the size variations among the particles are so large that an ordered (or crystalline) state is no longer favorable; the array then adopts a random-packed configuration, except in the few layers adjacent to the seed layer. Other simulations revealed that the transition from ordered to random packing occurred between D = 3% and 4%. Both the one-dimensional and the interparticle potential needed to be present to lead to dense arrays, although the results of the simulations were fairly insensitive to their relative magnitude.
The optical properties of the arrays were analyzed with the method of finite differences in time domain (FDTD).
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The combined time to generate an array and to run the FDTD computation was approximately two days on a personal computer. Figure 2 shows the transmittance and reflectance of each array, at normal incidence (on the top surface) and at frequencies in the vicinity of the first-order stop band; the total scattering, taken to be the intensity of all light not emerging from the crystal normally to the surfaces, is also plotted. When D = 3%, there is significant scattering outside the stop band, but, at frequencies inside the stop band, the reflectance is still close to unity, since most of the light is Bragg scattered before incoherent scattering can take place. When D = 5%, reflectance in the stop band reduces significantly, since the hexagonally packed planes that diffract light no longer exist in the random-packed array. Figure 3 shows how optical properties change with increasing polydispersity. There is a sudden increase in the scattering at frequencies inside the stop band when D =4%, corresponding to the transition from ordered to random packing. At the same time, the contrast between the transmittance inside and outside the stop band decreases abruptly, and vanishes when D Ͼ 5%. On the same graph are also plotted similar results obtained from arrays generated using the method detailed in Ref. 15 , where each particle, in addition to having a randomly chosen diameter, is displaced by a random vector ⌬r, with ͉͗⌬r͉͘ = D , from its position in a face centered cubic lattice. In this random-disorder model, the scattering increases much more slowly with increasing polydispersity; the contrast associated with the stop band in the transmittance spectrum also decreases more slowly. Thus, polydispersity has a much weaker effect in the random-disorder model. To validate the modeling results, we compared them with experimental measurements of the transmittance of colloidal crystals grown using the capillarity method, 6 using poly(methylmethacrylate) particles with diameter 630 nm and n = 1.49. The thickness of the crystals was 84 layers, measured with a scanning electron microscope. Figure 4 shows the measured transmittance spectrum, along with the spectra computed numerically on three 84-layer arrays: one perfectly ordered, one generated with the random-disorder model and one generated with the simulated-annealing algorithm. The polydispersity used in the models was 3%, corresponding to the value measured by dynamic light scattering in the colloidal dispersion. Only the spectrum predicted with the simulated-annealing model is in good agreement with the experimental result. The predicted and measured transmittance outside the stop band are both between 0.15 and 0.20, while they are between 10 −3 and 10 −4 in the stop band. The width of the stop band is wider in the modeling spectrum; this is a numerical artefact caused by the finite lateral dimensions of the array (limited by available computer resources), which occasionally lead to a tilting of the normally horizontal planes of particles and to diffraction at different wavelengths.
The results presented here show that the randomdisorder model, though conceptually simple and convenient, fundamentally underestimates the effect of polydispersity and the lattice disorder that it produces. On the other hand, the simulated-packing model enables accurate predictions on the impact of polydispersity on the optical properties of colloidal crystals. Using this model, we found a transition from ordered to random packing when the polydispersity exceeded 3%. This transition is associated with an abrupt degradation of the optical properties of the crystals, mostly in the form of increased scattering. Overall, these results point at the reduction of polydispersity as a very important factor in the improvement of the optical quality of colloidal crystals. 
